Rabbit reticulocytes, separated into ten cell age groups by bovine serum albumin density-gradient sedimentation, were pulse-labelled with [I4Clleucine in the presence of either puromycin dihydrochloride or aminoethyl-L-cysteine (a lysine analogue). Intracellular proteolysis of both the puromycinyl-peptides and analogue-containing protein decreased with cell maturity.
the factors regulating mammalian development and maturation, as a variety of structural and biochemical changes are known to occur, such as the onset of haemoglobin synthesis, the loss of the ability to synthesize DNA, the loss of the ability to divide, the extrusion of the nucleus and, in the final stages of maturation, the cessation of protein synthesis. The differentiation of the reticulocyte into the erythrocyte, in the last stage of erythroid-cell development, may serve as a model for aging, albeit of a specialized nature.
The reticulocyte has both protein-synthetic machinery and the ability to degrade aberrant protein rapidly and selectively (Etlinger & Goldberg, 1977; Chandler & Ballard, 1978; Daniels & Hipkiss, 1978 , 1979 Ciehanover et al., 1978; Botbol & Scornik, 1979) . The loss of the ribosomal fraction has been identified as being largely responsible for the decline in protein synthesis with reticulocyte maturation (Glowacki & Millette, 1965) . The erythrocyte has no protein-synthetic ability, and cell extracts appear to be unable to degrade aberrant proteins (Etlinger & Goldberg, 1977) . As a result, any protein within the erythrocyte that is denatured by mechanical or chemical means would accumulate and possibly precipitate. Such accumulations are sometimes in the form of very-high-molecular-weight aggregates termed Heinz Bodies, which are derived from denatured haemoglobin through a sequence of oxidative steps (Carrell et al., 1975; Winterbourn, 1979 (Rifkind & Danon, 1965) (Rifkind & Danon, 1965 (Glowacki & Millette, 1965 
Methods
Blood cells were centrifuged (600g for lOmin) out of the plasma and washed twice with Borsook saline (0.13 M -NaCl/0.005 M -KCI/0.005 M -MgCl2,6H20) (Lingrel & Borsook, 1963) . Nine different concentrations of albumin, ranging from 21 to 30% (w/w), were made up in buffer (0.13 M-NaHCO3/ 0.005 M-KCI/0.005 M-MgCl2,6H20). The nine albumin solutions were layered with a syringe into a centrifuge tube, 2ml in each band. A 3 ml cell sample, diluted 2: 1 (cells: albumin buffer) was layered on top of the 18 ml albumin gradient. Three identical tubes were spun in a Beckman SW 25.1 rotor at 32000g for 90min at 50C in a Beckman Spinco model L2 ultracentrifuge. After centrifugation, ten cell fractions were collected from each tube with a syringe (nine cell fractions were cells accumulated at the interfaces between bands and the tenth cell fraction was the pellet at the bottom of the tube resuspended in 2ml of albumin buffer). The fractions were diluted with albumin buffer and centrifuged (600g for lOmin) to free them of albumin. The cells were then washed twice, the last wash with Borsook saline.
The collected cell types were each incubated in the standard medium of Lingrel & Borsook (1963) for 100min at 370C in a shaking water bath to allow recovery from the initial centrifugation step. Then each cell type was resuspended in fresh standard medium as a 33% (v/v) cell suspension with the omission of the amino acid mixture (Lingrel & Borsook, 1963) and preincubated at 370C for 10min in a shaking water bath. The amino acid mixture was then added (O.Olml/ml of cell suspension), followed by either lysine (1.8mM), or aminoethylcysteine (1.8mM) or puromycin dihydrochloride (5,ug/ml) plus lysine (1.8mM). [U-14C]-Leucine (1.5,uCi/ml of cell suspension) was then added, making the final cell suspension 25% (v/v Samples (50,u1) were taken at various times and added to 2ml of 5% (w/v) trichloroacetic acid, left overnight at 40C and the precipitated protein was filtered by using Whatman GFC filter discs. A 1 ml portion of the filtrate (acid-soluble fraction) was added to 2 ml of PCS and radioactivity determined. The total radioactivity present was determined by adding a 50,u1 sample to 1 ml of 0.5 M-NaOH, and bleaching with two drops of 20-vol. H202 for 18 h. Protein breakdown is expressed as the increase in acid-soluble radioactivity detected as a percentage of the total radioactivity originally in protein (acidprecipitable fraction). This procedure was carried out with each cell fraction recovered from the albumin gradient.
Results and Discussion
It is well established that rabbit reticulocytes may be fractionated according to their degree of physiological maturity by means of buoyant-density centrifugation in an albumin gradient (Glowacki & Millette, 1965; Borsook et al., 1962) . The data in Table 1 are consistent with this claim. The RNA content, rate of amino acid incorporation and fumarase activity, which are cited as biochemical markers of reticulocyte maturation (Glowacki & Millette, 1965; Rubenstein, 1956) , decreased with increasing cellular buoyant density. The incorporation of the lysine analogue aminoethylcysteine into reticulocyte protein promotes proteolysis of the protein synthesized, as does incubation in the presence of puromycin dihydrochloride (Etlinger & Goldberg, 1977; Daniels & Hipkiss, 1978 , 1979 . When the ability to break down the protein synthesized in the presence of aminoethylcysteine was examined in the reticulocyte fractions recovered from an albumin gradient, it was found that the younger cells, banding towards the top of the gradient, were more active in their ability to degrade the aberrant protein than were the more mature cells recovered from the bottom of the gradient (Fig. la) . Both the initial rate and extent of proteolysis fell as the buoyant density of the cells increased.
When the above procedure was repeated with fractionated cells pulse-labelled in the presence of puromycin dihydrochloride (5,ug/ml), a similar phenomenon was observed (Fig. lb) . Again, the initial rate and extent of proteolysis in the cells fell as their cellular buoyant density increased.
Proteolysis in fractionated cells incubated and pulse-labelled under control conditions (i.e. in the presence of lysine) similarly decreased with increasing buoyant density (Fig. 2) .
The present results show that there is a significant age-related decrease in cellular degradative ability Table 1 . Characteristics ofalbumin-gradient-fractionated rabbit reticulocytes Ten cell fractions were obtained from a nine-step albumin gradient and washed free of albumin. RNA was assayed as described by Schneider (1957) , "4C-labelled amino acid incorporation as described under 'Methods', except that the cells were incubated with the 1"4CIleucine for 10min, fumarase as described by Racker (1950) , cathepsin C as described by Johnstone et al. (1950) and cathepsin G as described by Starkey (1976 [U-"4C] leucine incorporated into protein during the pulse-labelling procedure, up to 6% was degraded to acid-soluble material (Fig. 2) . This control activity falls with cell maturity when both the initial rate and the extent of the degradative process are significantly decreased.
When fractionated cells were pulse-labelled in the presence of puromycin dihydrochloride they pre- sumably synthesized small polypeptides, which were rapidly degraded (Fig. lb) . Again, there was a considerable decrease in the initial rate and extent of degradation as the reticulocytes matured (Fig. lb) . Younger cells had 5-10 times more degradative activity than the most mature cells. The activity decreased gradually, except in the region of bands 6 and 7, where there was a large fall. Similarly, with cells incubated in the presence of the lysine analogue aminoethylcysteine (Fig. la) , there is a significant decrease in degradative activity, with the youngest cells having 4-10 times more degradative activity than the most mature cells.
The decrease in degradative activity does not appear to follow any set pattern, although the breakdown curves in Figs. l(a) , l(b) and 2 fall roughly into three groups, with the cells in the first three or four bands of the albumin gradient consistently appearing to show little change in degradative activity. Further down the gradient, bands 4-7 show an almost linear decrease in activity, with an especially large fall in activity between bands 7 and 8. The last three bands generally have very low degradative activity.
Synthesis of aberrant protein in rabbit reticulocytes is accompanied by the appearance of a high-molecular-weight multi-peptide aggregate which has the properties of a degradative intermediate (Daniels & Hipkiss, 1979) . Preliminary studies show that, although both young and mature reticulocytes may synthesize this material, the old cells appear to be defective in its catabolism (M. J. McKay & A. R. Hipkiss, unpublished work). The observed decrease in degradative activity is thought to represent a loss or deterioration of the proteolytic system in the reticulocyte as it matures to the erythrocyte (Hershko et al., , 1979 . The exact nature of the proteolytic system that is capable of rapidly and selectively degrading aberrant protein in the rabbit reticulocyte is not completely understood, although it is believed that there is a requirement for ATP (Etlinger & Goldberg, 1977; Daniels & Hipkiss, 1978; Ciehanover et al., 1978) .
However, cathepsins C and G, both neutral proteinases, but with no known ATP requirement, were also found to decrease markedly with cellular buoyant density ( Table 1 ). The roles, if any, of these enzymes in the degradative process studied here are unknown, although evidence for ATP-independent proteolysis of certain aberrant proteins has been found (R. S. Daniels, V. C. Worthington & A. R. Hipkiss, unpublished work).
Many features in the maturing cells (apart from removal by proteolysis of proteolytic-enzyme molecules) may bring about a loss of proteolytic activity on aberrant proteins; accumulation of proteinase inhibitors, competition for the proteolytic enzyme by normally turning-over unlabelled protein, or the conversion of aberrant proteins into undegradable forms in the most mature cells.
The loss of proteolytic activity is not thought to be an artifact of the experimental procedure, such as some effect of the different concentrations of albumin in each fraction collected. Unfractionated cells have been incubated for 90min at 50C in different concentrations of albumin to mimic the fractionation procedure, and no differences in degradative ability were observed.
The loss or deterioration of the proteolytic activity in the rabbit reticulocytes fits a pattern observed in ,6-thalassaemic erythroid-cell maturation, where bone-marrow erythroid cells of increasing maturity seem to display decreasing ability to degrade excess a-globin chains (Clegg & Weatherall, 1972; Wood & Stamatogannopoulos, 1975) . It would be reasonable to extend these observations to the reticulocyte's proteolytic system and postulate that the reticulocyte may continue to lose proteolytic activity with maturation. Although the substrate used by the cell in the experiments described here is not the same as that in the ,-thalassaemic erythroid cells, the results with the maturing rabbit reticulocyte do fit the general pattern of decline of proteolytic activity with increasing cellular maturity. Council for postgraduate studentships.
